Abstract: Metal films perforated by nanoholes constitute a powerful platform for surface plasmon resonance biosensing. We find that the refractive index sensitivity of nanohole arrays increases if their resonance is red-shifted by increasing the separation distance between holes. However, an additional sensitivity enhancement occurs if the nanohole sensors are manufactured on low index substrates, despite the fact such substrates significantly blue-shift the resonance. We find a ~40% higher bulk refractive index sensitivity for a system of ~100 nm holes in 20 nm gold films fabricated on Teflon substrates (n=1.32) compared to the case when conventional glass substrates (n=1.52) are used. A similar improvement is observed for the case when a thin layer of dielectric material is deposited on the samples. These results can be understood by considering the electric field distribution induced by the so-called antisymmetric surface plasmon polariton in the thin gold films. 
Introduction
The intense and confined electromagnetic fields generated by surface plasmons in metal films and nanostructures have been used for label free biosensing since 1983 [1] . In the case of metal nanostructures, the surface plasmon resonance (SPR) can be detected as a peak in the optical scattering, reflection or extinction spectra. The spectral position of the resonance is highly dependent on the shape, distribution and electrodynamic environment of the nanostructures. In particular, the strong dependence of the SPR on the permittivity of the surrounding medium constitutes the sensing principle of metal nanostructures. Thus, a local increase in the refractive index in the close proximity of the nanostructure, as the one induced by adsorbed biomolecules, produces a red-shift of the resonance position [2] .
There are several advantages associated with nanoplasmonic sensing compared to conventional surface plasmon polariton (SPP) sensors employing thin metal films. Advantages include a much higher degree of miniaturization, restricted only by the diffraction limit of the read-out optics. This enables an unprecedented potential for high density multiplexing. In addition, light can induce plasmons in the metal nanostructures directly, without the requirement of other optical coupling elements. Consequently, this technology is very promising due to an ever-increasing demand for high-throughput screening applications, as for example, for the discovery of new drug candidates [3] .
Biosensors based on metal nanoparticles fabricated with nanosphere lithography on a solid support have been successfully employed in the detection of ADDL (amyloid-derived diffusible ligands) oligomers, found in elevated concentrations in the brain tissue of Alzheimer's disease patients [4] . These nanostructures have also been proposed for the detection of glucose in diabetes patients [5] . Colloidal gold nanoparticles have been used as transducer elements in the detection of doping substances [6] , different proteins [7] or DNA hybridization [8] .
Other attractive metal nanostructures for biosensing applications are nanoholes in optically thin metal layers. Unlike nanoparticles, these nanostructures combine the properties of SPPs in thin metal layers with the localized surface plasmon resonance (LSPR) created by the nanoholes [9] . This combination arises by the induced electric dipole excited by the incident light in the nanoholes, which acts as a source of antisymmetric SPPs in the thin metal film. Such SPPs interact with the nearest nanoholes modifying their net dipole moment and, therefore, drastically changing their radiation properties. Nanoholes in thin films present several optical features making them interesting for sensing applications as, for example: i) the significant increase in the amplitude of the electric dipole moment and red-shift of the resonance when the polarization of the incoming light is parallel to the short axis of elongated nanoholes [10] ; ii) large amplification of the scattering intensity and spectral narrowing of the resonance when the distances between nanoholes are tuned to half the wavelength of the antisymmetric SPP [11] ; iii) wide tunability of the resonance position of the nanohole assembly that can be achieved by simply changing the separation distance between nanoholes [11] .
In addition, these nanohole systems feature an interesting chemical contrast between the metal surface and the exposed substrate at the bottom of the nanoholes. The chemical difference of the surface has been used to selectively adsorb biotin-BSA on the metal film [12] . The chemical contrast has also been used to induce the rupture of phospholipid vesicles in the bottom of the nanoholes, forming supported phospholipid bilayers [13] . The attractive optical properties together with the chemical contrast are undisputedly interesting to develop for the investigation of membrane proteins which are essential in the communication between the extracellular and intracellular domains, and for their application as drug targets. To add even more interest, short-range ordered nanoholes in thin metal films can be inexpensively fabricated with colloidal lithography techniques over large area [14] .
The sensing principle of nanoplasmonic systems is based on the shift of the resonance position of the nanostructures when the refractive index of the surrounding environment changes. Consequently, their sensitivity to the changes of the refractive index can be defined as:
where λ SPR represents the wavelength position of the resonance and n d is the refractive index of the surrounding dielectric. It has been shown that the sensitivity of the plasmonic nanoparticle systems increases as the peak position of the resonance is tuned to near infrared spectral region (NIR) [2] . Therefore, many different nanostructures have been proposed and fabricated to shift the LSPR peak position to NIR, such as nanorods [15] , core-shell nanoparticles [16] and nanorings [17] . However, in many sensing applications, only a fraction of the electromagnetic field around the nanostructures is employed. For these applications, a surface sensitivity, defined as:
where d b is the thickness of the adsorbed biological layer, will give a more accurate description of the sensitivity to the local changes in the surface refractive index caused by the biochemical interactions.
In this paper, we present the strong impact that the substrate has on the bulk and surface sensitivities of nanohole biosensing systems. We show that the reduction of the refractive index of the substrate induces a very significant increase in the bulk and surface sensitivities. This improvement is achieved despite the fact that the peak position of the resonance is blueshifted when the substrate refractive index is reduced. This effect is due to the change of the electromagnetic field distribution in the nanoholes arrays, which, in low index substrates, is concentrated in the sensing region.
The paper is organized as follows: first, the bulk sensitivity as a function of the peak position was studied using ordered arrays of nanoholes prepared by focused ion beam (FIB) milling. This was done to enable a just comparison of the different substrates since the dielectric environment on both sides of the perforated gold film affects the peak position. Second, since colloidal lithography is often applied when preparing sensor surfaces, this technique was used in the fabrication of short-range ordered hole arrays on different substrates.
Fabrication and optical characterization
Nanohole samples were fabricated using different techniques. Ordered nanohole chains were fabricated using focused ion beam (FIB) etching. In short, a 1 nm Ti adhesion layer and a 20 nm thick gold film were thermally evaporated on a glass substrate. Subsequently, eight evenly separated nanoholes were created using FIB (FEI Strata 235 Dual Beam) milling.
The sensing properties of the nanohole chains on glass substrates were compared to shortrange ordered nanohole systems fabricated by colloidal lithography on substrates of different refractive index: Teflon (n Te = 1.3), glass (n G = 1.5) and TiO 2 (n Ti = 2.4). Teflon substrates were obtained by spin coating Teflon resin solution (DuPont) at 5000 rpm for 1 min on a glass slide covered with a Ti adhesion layer. A soft baking at 120 °C for 10 min and at 180 °C for 15 min followed the spin-coating, creating an approximately 600 nm thick Teflon film. Titanium dioxide substrates were fabricated on similar glass slides by reactive sputtering (FHR MS150) with a titanium target and a process gas consisting of a mixture of argon and oxygen. The substrates were patterned with 100 nm diameter holes in 20-nm Au films by colloidal lithography, as follows. The substrates were exposed to oxygen plasma for 10 seconds (Plasmatherm Batchtop m/95) to increase the hydrophilicity of the surface. Subsequently, a polyelectrolyte triple layer was deposited on the samples, creating a positive surface charge for the adhesion of negatively charged sulfate latex spheres [18] . After polyelectrolyte coating, a 0.2% w/v solution of 100 nm diameter spheres (Invitrogen) was dispensed on the samples. Samples were rinsed in DI water and blown dry with nitrogen gas. A metal film consisting of 1 nm of Ti and 19 nm of Au was then evaporated on the samples. Finally, samples were tape-stripped to leave the short-range ordered nanoholes in the thin metal film.
Samples were inspected using an SEM (JEOL JSM-6301F). The spectral characterization of the FIB samples was performed using a fibre-coupled spectrometer (Andor-Shamrock) connected to an inverted dark-field microscope (NikonTE200). Extinction spectra of samples prepared by colloidal lithography were measured using a UV-Vis spectrophotometer (Varian Cary 500).
Optical sensing of nanohole arrays
To optimize the performance of nanohole systems for bio and chemosensing, it is crucial to know what parameters control their sensitivity. According to Miller and Lazarides [2] , the refractive index sensitivity of nanoparticles is increased as the SPR is tuned to NIR. To check if nanohole systems show the same behavior, nanohole chains with different resonant positions were fabricated. The most effective method to tune the resonance of the nanoholes systems is by controlling the separation distance between holes [11] . For this purpose, chains of eight evenly separated nanoholes, 100 nm diameter, in a 20 nm thin Au film were fabricated, Fig. 1 (a) . Distances between the holes were varied between 100 and 300 nm. As shown in Fig. 1 (b) , the separation distance between holes allows tuning the resonance of the nanohole chain from 650 to 850 nm. On the other hand, Fig. 1 (b) -(d) shows the shift of the peak position when the refractive index of the external media is varied. It is evident that increasing nanohole separation distance and, consequently, tuning the peak position to NIR, results in a larger bulk refractive index sensitivity. However, unlike metal nanoparticles, the increase in the sensitivity is not a linear function of the peak position [2] . This behavior reflects the destructive interaction between nanoholes when their separation distance fits the wavelength of the antisymmetric SPP, i.e., 250-300 nm [11] . In a configuration where the nanoholes are fabricated in metal film on a glass substrate, with an external medium consisting of water or air, the electromagnetic field of the antisymmetric SPP is mainly concentrated in the glass-metal interface ( Fig. 2 (a) ). As a consequence, the metal film in between nanoholes has a poor sensitivity to the local changes of refractive index, as demonstrated by Dahlin et. al. [13] . The immobilization of biomolecules inside the nanoholes showed a 16 times stronger response compared to immobilization on Au surface. However, the field distribution of the antisymmetric SPP controlling the interaction between nanoholes can be easily tuned by changing the refractive index of the substrate, as Fig. 2 displays. The reduction of the refractive index pushes the field towards the sensing region (Fig. 2 (b) ), while an increase in the refractive index produces a larger concentration of the field in the substrate/metal interface (Fig. 2 (c) ). As a consequence of the change in the field distribution, an enhancement of the bulk and surface sensitivities is expected in substrates with low refractive index. In contrast, increasing the refractive index difference between the sensing and substrate regions should reduce the sensitivity. To test the hypothesis of the substrate influence on the field distribution and sensitivity, we have analyzed the bulk and surface sensitivities in three different substrates: Teflon, glass and TiO 2 . Since FIB fabrication technique is not suitable for practical applications, we have employed colloidal lithography to pattern gold films with short range ordered nanoholes, keeping the same mean separation distance between nanoholes. Since the mean separation distance between holes in colloidal lithography is governed by the electrostatic interaction between the latex beads and the polyelectrolyte triple layer, the composition of the substrate has a negligible influence on the final distribution of the holes, as Fig. 3 shows. Therefore, all the spectral changes observed in the extinction measurements of the colloidal lithography samples are only due to the change of the substrate's refractive index Spectra of the nanohole arrays in the three substrates are shown in Fig. 4 (a) . The first noticeable effect is a blue shift of SPR of the Teflon-coated sample with respect to a bare glass substrate, and a strong red-shift in case of TiO 2 -coated substrate. In the later, the redshift is accompanied by a substantial broadening due to the increased absorption of antisymmetric SPPs. A stronger absorption induces a great decrease in the propagation distance of SPPs and, consequently, a weaker interaction between holes. It has been observed that the spectra of non-interacting holes are much wider than interacting ones [10, 11] . The spectral variations produced by bulk refractive index changes in the sensing medium are shown in Fig. 4 (a) and (b) . Interestingly, despite the peak position of the low refractive index substrate is blue-shifted, the sensitivity to the bulk changes of refractive index is enhanced, showing that η bulk is 152, 111 and 76 (RI) -1 , for Teflon, glass and TiO 2 , , respectively.
To model the surface sensitivity due to local changes of refractive index, the peak position as a function of the thickness of Al 2 O 3 layer, has been measured when the external medium was air and water (Fig. 4 (c) -(d) ). Similar to the bulk sensitivity, the surface sensitivity improves as the refractive index of the substrate is reduced, and the improvement factor is approximately equal. These experimental results highlight the importance of the field distribution of the antisymmetric SPP for sensing applications. 
Discussion
The experimental results show that there are two methods to improve the sensitivity of the nanohole systems: i) increasing the separation distance between holes to red-shift the resonance, and ii) reducing the refractive index of the substrate. Since the peaks are blueshifted for the Teflon substrate with respect to glass and TiO 2 , the effective improvement of the sensitivity should include the factor induced by the peak position, which can be extracted from Fig. 1 (c) . Taking into account such effect, the effective improvement of bulk and surface sensitivities for Teflon is 1.6 and 3 with respect to glass, and TiO 2 , respectively. In the same way as the rest of nanoplasmonic systems, in nanohole arrays, the decay of the electromagnetic field in the sensing region, so called evanescent field, can be approximately modeled as an exponential decay E i (z)=E i (0)exp [-z/δ] , with δ being the decay length of the field. With this model, it is possible to get a simple expression for the peak position shift when a dielectric layer is deposited on the sensing interface [20] :
where n f and n bulk are the refractive indices of the film and the external medium, respectively. From the best fit of this expression to the experimental data shown in Fig. 4 , the penetration depth of the field can be extracted when the external medium is air or water (see Table 1 ). To get these values, we employ the experimental bulk sensitivities and a refractive index of 1.72 for the Al 2 O 3 layer. This simple model is not valid for thickness above 30-35 nm, as shown by Rindzevicius et al. [21] , due to an image dipole effect caused by the dielectric film. The result of such effect is a faster decay of the peak red-shift for dielectric films thicker than 35 nm, and oscillatory behavior of the peak position for even thicker dielectric films [21] .
The comparison of our measured decay lengths for the SiO 2 substrate with the simulations of Rindzevicius et al. [9] , rendering a 40 nm decay length for 107 nm sized holes on a SiO 2 substrate, confirms the applicability of the model. These values show that the penetration of the field is larger for Teflon substrates, especially when water is the external medium. In this case, the maximum amplitude of the electromagnetic field of SPP is in the metal/external medium interface, as Fig. 2 (b) displays. The observed increase in the surface and bulk refractive index sensitivity can be mainly assigned to a greater penetration depth of the surface plasmon polariton into the sensing region. The larger penetration could explain as well the non-linear bulk refractive index response seen in Fig. 1 (b) and Fig. 4 (b) . In the previous work by Dahlin et al., the sensitivity of the metal region was much smaller than the holes when the substrate is glass. Since the fraction of the field of the antisymmetric SPP in the sensing region is larger for Teflon than glass, corresponding approximately to the effective increase in sensitivity, the metal film on Teflon substrates is more sensitive. In contrast, in the case of TiO 2 the amount of SPP field is the sensing region is so small, that the sensitivity of the metal region will be negligible and the sensing response will come principally from the nanoholes. Employing substrates with lower refractive index than Teflon, such as porous silica, it could possibly have further improvements on the sensitivity.
Conclusions
We have shown in this work that substrate modification allows a way of controlling the electromagnetic near-field distribution of the nanohole arrays. Minimizing the substrate refractive index enhances the sensitivity of nanohole arrays as the field is directed into the sensing region. Even though this modification induces a blue-shift of the resonance position, the sensing response to bulk and local refractive index changes is increased. The sensitivity improvement can be mainly assigned to an increase of the sensitivity in the metal region between holes. The combination of optimized sensitivity together with the chemical contrast in the nanohole arrays, make this sensing platform very attractive for biosensing applications. This method to tailor the field distribution can also find important nanophotonic applications.
